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We consider the one-parameter family of jet substructure observables known as angularities using
the specific case of inclusive jets arising from photoproduction events at an Electron-Ion Collider
(EIC). We perform numerical calculations at next-to-leading logarithmic accuracy within perturba-
tive QCD and compare our results to PYTHIA 6 predictions. Overall, we find good agreement and
conclude that jet substructure observables are feasible at the EIC despite the relatively low jet trans-
verse momentum and particle multiplicities. We investigate the size of subleading power corrections
relevant at low energies within the Monte Carlo setup. In order to establish the validity of the Monte
Carlo tune, we also perform comparisons to jet shape data at HERA. We further discuss detector re-
quirements necessary for angularity measurements at an EIC, focusing on hadron calorimeter energy
and spatial resolutions. Possible applications of precision jet substructure measurements at the EIC
include the tuning of Monte Carlo event generators, the extraction of nonperturbative parameters
and studies of cold nuclear matter effects.
I. INTRODUCTION
A high energy and high luminosity Electron-Ion Col-
lider (EIC) will be the ideal machine to explore in de-
tail the structure of nucleons and nuclei. Jet observables
are expected to play a major role in this effort, comple-
menting measurements of identified hadrons in the final
state. Recently, various inclusive jet measurements and
correlations have been proposed at the EIC [1–16]. An
advantage of jets is that they can be calculated purely
perturbatively whereas hadron inclusive cross sections re-
quire knowledge of nonperturbative fragmentation func-
tions. In addition, jet measurements extend the kine-
matic range compared to observables involving hadrons
and can provide unique constraints on collinear PDFs,
transverse momentum dependent PDFs and fragmenta-
tion functions (FFs). The measurement of different pro-
cesses is important to assess universality aspects of QCD
factorization. An identified jet also allows for a clean sep-
aration of the current and target fragmentation region.
Moreover, jets are also a useful tool to better understand
cold nuclear matter effects in e+ A collisions. Other re-
lated work on physics opportunities at an EIC can be
found in [17–19].
In this work, we systematically explore for the first
time the feasibility of jet substructure measurements at
the EIC. The substructure of jets has gained increased at-
tention in the past years at RHIC and the LHC both in
proton-proton and heavy-ion collisions. Corresponding
measurements in the relatively clean environment at the
EIC can provide important complementary information.
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Some of the recent advancements of jet substructure tools
can be applied directly at the EIC where jets allow for
precision tests of QCD in e+p and e+A. Possible appli-
cations include the tagging of quarks and gluons, tagging
of the initial state, spin correlations, the measurement of
fragmentation functions, studies of hadronization, tuning
of parton showers and extractions of the strong coupling
constant of QCD.
Jets at the EIC will have relatively small transverse
momenta pT and low particle multiplicities [20]. Never-
theless, as we demonstrate in this work, jet substructure
measurements are feasible at a future EIC. We highlight
challenges both from the theoretical and experimental
sides and we find that some definitions of jet substruc-
ture observables are better suited for EIC physics than
others. As a first example, we consider in this work jet
angularities [21–24], which are defined as
τa =
1
pT
∑
i∈J
pTi∆R
2−a
iJ . (1)
Here pTi are the transverse momenta of the particles rel-
ative to the beam axis and ∆RiJ is their distance to the
jet axis in the η-φ plane. The sum over all particles in-
side the jet i ∈ J is normalized by the total jet transverse
momentum pT . Jet angularities assign a single number
τa to the identified jet characterizing its radiation pat-
tern. The parameter a smoothly interpolates between
traditional jet substructure observables such as the jet
mass (a = 0) and jet broadening (a = 1).
In this work we present results for jet angularities for
EIC kinematics obtained within perturbative QCD. The
obtained results are compared to parton shower simu-
lations obtained within a Monte Carlo (MC)-framework
based on PYTHIA 6 [25]. This comparison also allows
us to assess nonperturbative aspects of jet substructure
observables at the EIC. To ensure the validity of the MC-
framework in this regime we compare to jet substruc-
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2ture data from HERA and find a good agreement. At
electron-proton colliders jets can be measured in differ-
ent frames and we have to classify events into low photon
virtuality Q2, quasi-real photoproduction1, and high vir-
tuality, Deep Inelastic Scattering (DIS), or we can choose
not to observe the final state electron. In this work we are
generally interested in the feasibility of jet substructure
observables at the EIC and without loss of generality we
choose to work in the laboratory/center of mass (CM)
frame and we consider the quasi-real photoproduction
cross section of jets. Jet studies in photoproduction pro-
cesses can be particularly useful in order to constrain the
elusive parton-in-photon distribution functions [6]. We
specify the detector requirements needed to perform jet
substructure measurements at the EIC both in e+ p and
e+A collisions.
The remainder of this paper is organized as follows.
In Section II, we discuss the relevant perturbative QCD
(pQCD) factorization framework that we employ to make
predictions for jet angularities at the EIC. In Section III,
we review the the MC framework and in section IV, we
present comparisons of our results obtained within pQCD
and PYTHIA for inclusive jets and jet angularities. EIC
detector requirements to perform jet substructure mea-
surements are discussed in section V. In section VI, we
conclude and present an outlook.
II. QCD FACTORIZATION FRAMEWORK
In this section, we introduce the QCD factorization for-
malism for jet angularities at the EIC. We first consider
the cross section for inclusive jet production and then
extend the formalism to include the jet angularity mea-
surement performed on the constituents of the observed
jet.
A. The quasi-real photoproduction of inclusive jets
We consider the photoproduction cross section of in-
clusive jets e + p → e′ + jet + X at small values of the
photon virtuality Q2 at the EIC. We work in the labora-
tory or center of mass frame. We note that at electron-
hadron colliders, jets have often been measured in the
Breit frame. However, for example the jet shape/jet en-
ergy profile was measured at HERA in the laboratory
frame [26]. Also in [3–5, 8, 11] the jet cross section was
considered in the laboratory frame. One of the advan-
tages of this choice is that it allows for a more direct
comparison to jets in proton-proton collisions. The pho-
toproduction cross section can be separated into a direct
and a resolved contribution
dσ = dσdir + dσres . (2)
1 Throughout the rest of this work, the quasi-real production of
photons is simply referred to as photoproduction.
The two cases are illustrated in Fig. 1. The nearly on-
shell photon can interact with the partons directly, or
the photon can resolve into its parton content which
requires us to introduce the nonperturbative parton-in-
photon PDFs. Using QCD factorization, we can then
write both contributions differential in the jet transverse
momentum pT and the center of mass (CM) frame rapid-
ity η as
dσep→e
′ jet+X
dQ2 dpT dη
=
∑
abc
fa/e(xe, µ)⊗ fb/p(xp, µ)
⊗Hcab(xa, xb, pT /z, η, µ)⊗ Jc(z, pTR,µ) . (3)
Note that we included here Q2 on the left hand side to
differentiate this case from the Q2 integrated case which
was considered in [3, 4] which includes both photoproduc-
tion and the large-Q2 DIS regime. In practice, the photon
virtuality is integrated to some upper cutoff Q2 < Q2max
which is determined by the experimental setup. Note
that in the case of photoproduction and the Q2 inte-
grated case, the hard scale is solely set by the jet pT
making the perturbative expansion of the cross section
in powers of the strong coupling constant feasible. In
DIS there are two perturbative hard scales Q2 and pT .
In Eq. (3), fb/p(xp, µ) denotes the PDF to find parton b
in the proton with momentum fraction xp at the scale µ.
In addition, we introduce the effective PDF for finding
parton a in the electron carrying a momentum fraction xe
from the electron. For the direct contribution as shown
on the left side of Fig. 1, we have a = γ. For the resolved
contribution, right side of Fig. 1, the parton a = q, g is
obtained from the resolved photon. We can write fa/e as
fa/e(xe, µ) =
∫ 1
xe
dy
y
Pγe(y) fa/γ
(
xγ =
xe
y
, µ
)
(4)
with the Weizsa¨cker-Williams photon spectrum [27, 28]
Pγe(y) =
α
2pi
[
1 + (1− y)2
y
ln
Q2max(1− y)
m2ey
2
+ 2m2ey
(
1
Q2max
− 1− y
m2ey
2
)]
(5)
where α is the QED fine structure constant and me is
the electron mass. For the direct contribution we have
simply
fa/γ(xγ , µ) = δ(1− xγ) , (6)
in Eq. (4). Instead, for the resolved contribution we need
parton-in-photon PDFs which constitute an additional
nonperturbative input. For the calculation within per-
turbative QCD we use the GRS99 (Gluck, Reya, Schien-
bein) set of parton-in-photon PDFs of [29] throughout
this work. The PDFs of [29] were extracted at NLO us-
ing the DISγ scheme. However, they can be converted
to the conventional MS scheme which we use in this
work [29, 30]. Other fits of parton-in-photon PDFs can
3FIG. 1. The direct (left) and resolved (right) contribution
to photoproduction cross section of inclusive jets e + p →
e′ + jet +X at the EIC.
be found in [31–35]. The hard functions Hcab for the scat-
tering process ab → c in Eq. (3) for the resolved contri-
bution are the same as for hadroproduction in proton-
proton collisions p + p → h + X. They were calculated
analytically to NLO in [36, 37]. The direct contribution
was obtained analytically in [38–41]. Finally, Jc are the
semi-inclusive jet functions calculated in [42–45]. Similar
to parton-to-hadron fragmentation functions, they take
into account the formation of a jet with radius R which
is initiated by an active parton c. The jet carries a lon-
gitudinal momentum fraction z = pT /pˆT of the initial
fragmenting parton c. The semi-inclusive jet functions
satisfy DGLAP evolution equations which allow for the
resummation of single logarithms of the jet radius pa-
rameter αns ln
nR2 [43, 44, 46, 47]
µ
d
dµ
Ji =
αs
2pi
∑
j
Pji ⊗ Jj . (7)
Here the Pji(z) are the Altarelli-Parisi splitting functions
which are the same as for fragmentation functions. We
note that formally Eq. (3) holds up to power corrections
of orderO(R2). It was found that these power corrections
are typically small even for large values of the jet radius,
both for inclusive jet cross sections as well as jet substruc-
ture observables [48, 49]. The jet functions also have the
advantage that one may directly calculate quark/gluon
fractions beyond leading-order, and they allow for a con-
venient calculation of jet angularities at the EIC as dis-
cussed in the next section. The same factorization struc-
ture holds for inclusive hadron cross sections where the
jet functions in Eq. (3) need to be replaced with non-
perturbative parton-to-hadron fragmentation functions.
The photoproduction of hadrons at the EIC was first con-
sidered in [41, 50].
B. Jet angularities
In order to study jet angularities, we consider the fol-
lowing multi-differential cross section
1
σincl
dσep→e
′+jet+X
dQ2 dpT dη dτa
, (8)
where σincl denotes the inclusive jet cross section dis-
cussed in the previous section. The relevant factoriza-
tion structure can be obtained from the jet angularity
cross section of inclusive jet production in proton-proton
collisions [23, 49, 51]. The modification relative to the in-
clusive cross section in Eq. (3) amounts to replacing the
semi-inclusive jet function Jc with a jet function that not
only depends on the momentum fraction z contained in
the observed jet but which also depends on the jet angu-
larity τa of the jet which we denote by Gc(z, pTR, τa, µ).
Following [49, 51], we can refactorize the jet function
Gc in the phenomenologically relevant kinematic limit
τ
1/(2−a)
a  R in terms of hard-matching functions Hi→j ,
collinear Cj and soft functions Sj as
Gc(z, pTR, τa, µ) = Hi→j(z, pTR,µ)
×Cj(τa, pT , µ)⊗ Sj(τa, pT , R, µ) .(9)
Here ⊗ denotes a convolution in the variable τa. At the
one loop level, the functions Hi→j are given by out-of-jet
radiation contributions [45, 52] which were included be-
fore also in the semi-inclusive jet function for inclusive jet
production. The factorization here was achieved within
Soft Collinear Effective Theory (SCET) [53–57] which
leads to separate renormalization group (RG) equations
for the different functions. The characteristic scales of
the three function in Eq. (9) are given by
µH ∼ pTR , µC ∼ pT τ1/(2−a)a , µS ∼ pT τaRa−1 .
(10)
The scale of the hard functions in Eq. (3) is given by the
hard scale of the process, which is the transverse momen-
tum of the observed jet µH = pT . By solving the associ-
ated RG evolution equations, and evolving the functions
to a common scale, the all order resummation of large
logarithms of the form αns ln
2n(τ
1/(2−a)
a /R) is achieved,
which we carry out at next-to-leading logarithmic accu-
racy (NLL′). The fixed order expressions of the involved
functions and the relevant anomalous dimensions can be
found in [49]. Similar to the semi-inclusive jet function Jc
in Eq. (7), the angularity dependent jet functions satisfy
DGLAP evolution equations which allow for the resum-
mation of single logarithms of the jet radius R.
Note that in Eq. (9) only the hard-matching functions
Hi→j depend on z, which is the convolution variable in
Eq. (3). We can thus completely separate the z depen-
dence from the collinear and soft functions which depend
on the jet substructure variable τa. This separation al-
lows for the calculation of quark/gluon fractions beyond
leading-order in the resummation region. Note that the
4jet angularities considered here are only nonzero when
two partons are inside the jet, i.e. at fixed order O(αs) or
overall O(α2α2s). However, in the resummation region we
need to take into account out-of-jet radiation diagrams
in the matching functions Hi→j even though this leaves
only one parton in the jet at O(αs). The nonzero value
for the jet angularity is then generated by the resumma-
tion. This counting in powers of αs, instead of starting
from a nonzero value of the jet substructure observable
required at fixed order, allows for perturbatively calcu-
lable quark/gluon fractions beyond leading-order. The
main difference of photoproduction compared to DIS pro-
cesses or the Q2 integrated result eventually amounts
only to changing the calculated quark/gluon fractions,
making the results presented in this work broadly appli-
cable. This includes also scattering cross sections with
longitudinally polarized initial states. Note that the rel-
evant hard functions for jet production at large-Q2, can
be obtained from [58–60]. Higher fixed order results for
jet production can be found in [4, 61].
There are several contributions that are not captured
by the factorization of the cross section for jet angulari-
ties in Eqs. (3) and (9). First there are power corrections
O(R2) which include for example Initial State Radiation
(ISR). Second, there are hadronization corrections since
our calculation is carried out at the parton level whereas
the experimental data, and the Monte Carlo results pre-
sented below, are at the hadron level. In addition, there
is a contribution from the underlying event/multi-parton
interactions for the resolved contribution. However, this
contribution is expected to be much smaller than for ex-
ample at proton-proton colliders. Therefore, the EIC
will provide a clean environment for jet measurements
where the dominant nonperturbative correction are pri-
marily due to hadronization effects. We capture these
different nonperturbative effects by a shape function [62–
64]. See also [65] for a discussion of nonperturbative ef-
fects. When the softest scale in the factorization theorem
µS ∼ pT τRa−1 approaches ∼ ΛQCD, nonperturbative ef-
fects become important which, start in the region
τa ∼ ΛQCD
pTRa−1
. (11)
The purely perturbative cross section dσpert following
Eq. (9) is then convolved with a shape function F (k),
where τa is shifted by the virtuality of the soft mode as
dσ
dQ2 dpT dη dτa
=
∫
dk F (k)
dσpert
dQ2 dpT dη dτa
(
τa − k
pTRa−1
)
. (12)
Following [64] we use a single parameter shape function
which is given by
F (k) =
4k
Ω2a
exp(−2k/Ωa) , (13)
which is normalized to unity since the hadronization is
expected to affect only the shape of the distribution but
not the normalization. In addition, its first moment is
given by Ωa. We factor out the a dependence of the
nonperturbative parameter Ωa following the work of [63]
on angularities in e+e− collisions
Ωa =
Ωa=0
1− a . (14)
Achieving a better understanding of universality aspects
of nonperturbative corrections will be an important goal
of jet substructure studies at the EIC. Similar shape func-
tions are needed for jets measured in e+e− and proton-
proton collisions. For example, they play an impor-
tant role in extractions of the QCD strong coupling con-
stant [66, 67].
Furthermore, there are non-global logarithms (NGLs)
for the jet angularities which are not captured by our fac-
torization structure, see for example [68–70]. NGLs are
typically most relevant near the nonperturbative regime.
While a more rigorous treatment is desirable in the fu-
ture, we effectively absorb the NGL contribution in the
nonperturbative shape function. This may lead to a pa-
rameter of the shape function that is larger than the typ-
ical nonperturbative scale.
One of the concerns of jet substructure observables at
relatively low energies is the size of power corrections.
In general, there are different types of power corrections
that can be important. First, there are perturbative cor-
rections O(τ2a ). Second, there are corrections which are
power suppressed by the large scale of the process, which
is here the jet transverse momentum pT . We do not in-
clude these corrections in our calculations, but in princi-
ple, both are perturbatively calculable. In addition, there
are hadronization corrections that we include here using a
shape function as discussed above. In order to assess the
first type of power correction listed here, we use a differ-
ent definition of the jet angularity, which agrees with the
one in Eq. (1) up to corrections of order O(τ2a ). Angulari-
ties as an e+e− event shape were first introduced in [21].
Applied to jet angularities, this definition was given in
terms of pseudorapidities ηiJ and transverse momenta
~p iJT relative to the jet axis
τ ′a =
1
2EJ
∑
i∈J
|~p iJT | exp(−|ηiJ |(1− a)) , (15)
where EJ is the jet energy, which is not a boost-invariant
quantity at hadron colliders. Here we introduced the
notation τ ′a to differentiate between this definition of the
jet angularities and the one given in Eq. (1) above. At
small values of the jet angularity in the resummation
region, the definition in Eq. (15) can be related to the
boost invariant definition appropriate for the EIC and
hadron collisions given in Eq. (1) up to power corrections
τa =
(
2EJ
pT
)2−a
τ ′a +O(τ2a ) . (16)
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FIG. 2. Comparison of the integrated jet shape Ψ(r) from HERA measured on an inclusive jet sample in photoproduction
events and results from our PYTHIA 6 Monte Carlo. This illustrates the validity of our PYTHIA 6 tune in the context of jet
substructure measurements.
For the jet mass case (a = 0) we can also employ the
definition which is often used at hadron colliders
τ ′′0 =
m2J
p2T
=
1
p2T
(∑
i∈J
pi
)2
, (17)
where we sum over all four momenta pi of the particles
inside the observed jet and square the result normalized
by 1/p2T . This definition agrees with the other definitions
in the small jet mass limit and if the four-momenta of the
particles in the jet are taken to be massless
τ0 = τ
′′
0 +O(τ20 ) . (18)
However, this definition is directly sensitive to hadron
mass effectsO(m2h). While we do not distinguish between
these definitions in our perturbative calculations, we can
address how sensitive jet angularities at the EIC are to
such power corrections by studying the three different
definitions in the Monte Carlo simulations described in
the next section.
III. MONTE CARLO SETUP AND
VALIDATION
In principle, it is possible to perform more quantita-
tive comparisons between parton shower event generators
and analytical resummations. However, here we are in-
terested instead in the feasibility of jet substructure mea-
surements at the future EIC and therefore compare the
results obtained within the framework detailed in the sec-
tion above to pseudo-data generated using a Monte Carlo
tuned to reproduce HERMES semi-inclusive DIS e + p
data over an wide range in Q2, z and pT [71, 72]. The
Monte Carlo used is PYTHIA-6 [25] with the CTEQ5m
[73] and SAS 1D-LO [33] proton and photon PDFs, re-
spectively. The older CTEQ5m set was chosen because
its PDF is not frozen at the input scale Q20 (typically
on the order of 1 GeV2) like more modern PDFs and
thus returns reliable cross sections in the Q2 < Q20 re-
gion addressed in this paper. The SAS PDF was used
because it describes the H1 data that is sensitive to pho-
ton structure well and, as it treats the vector meson and
anomalous components of the photon wave function sep-
arately, avoids double counting issues when simulating
subprocesses with resolved photons in PYTHIA. Com-
parisons of the described MC tune with some H1 and
ZEUS results and further details on the Monte Carlo can
be found in [6, 15]. Resolved processes, in which the
virtual photon interacts via the hadronic component of
its wavefunction, dominate production of high-pT parti-
cles in the photoproduction region, however, a significant
fraction of jets arise from the direct processes of photon
gluon fusion (PGF) and QCD-Compton (QCDC). These
subprocesses are combined and shown separately from
the resolved. results.
Jets were reconstructed in the laboratory frame from
all stable, final-state particles (excluding the scattered
beam electron) with transverse momenta greater than
250 MeV/c and pseudorapidity of ±4. Here, stable refers
to particles which would normally not decay within the
volume of the detector. Clustering was done using the
anti-kT algorithm [74] as implemented in the FastJet
package [75] with E-scheme recombination and jet res-
olution parameters of R = 0.4 and 0.8. Further event
and jet cuts are listed in Sec. IV.
The simulation setup used in this manuscript matches
that from [6], where it was shown to reproduce HERA di-
jet cross sections. Further determinations of the suitabil-
ity of this simulation to describe substructure observables
was done by comparing to jet shape results from ZEUS in
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FIG. 3. The expected inclusive jet yield as a function of
jet transverse momentum from photoproducion events at the
EIC as returned by our Monte Carlo for 1 fb−1 of integrated
luminosity. We show the results for R = 0.8 (red) and R = 0.4
(blue).
the photoproduction region [76]. The jet shape is defined
as
Ψ(r) =
1
NJ
∑
J
ET(r)
ET(r = R)
, (19)
where NJ is the total number of jets and ET(r) is the
amount of transverse energy contained within a cone of
radius r (which is less than or equal to the jet radius R)
centered on the jet axis. The only modification to the
simulation was to match the beam energies with HERA
(Ee = 27.5 GeV and Ep = 820 GeV) and the jet-finding
was done using a version of the CDF Midpoint Cone al-
gorithm with R = 1 as implemented in FastJet to more
closely match the ZEUS analysis [76]. Particle level jets
were found from all simulated events with Q2 < 4 GeV2
and 0.2 < y < 0.85 and were required to have transverse
energies greater than 14 GeV.
Figure 2 presents the comparison between the ZEUS
data and our simulation for four jet pseudorapidity
ranges. The uncertainty bands represent a quadrature
sum of statistical and systematic uncertainties on the
ZEUS data. It is seen that our simulation reproduces
the ZEUS results well for ηlab < 1.5 with moderate de-
viations appearing in the 1.5 < ηlab < 2.0 region. This
could be due to a number of factors, including the lim-
ited modeling of the underlying event and the precision
of the photon PDFs. Having improved MC models and
more differential data from EIC will help to disentangle
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FIG. 4. The inclusive production cross section of jets in pho-
toproduction events at the EIC as a function of the rapidity
in the laboratory frame ηlab. We show the perturbative QCD
result for the resolved and direct contribution (red and blue
bands) as well as the Monte Carlo result (dark red and blue
histograms). The relevant kinematics are displayed in the
figure.
these different contributions. In all cases, the simulation
produces more collimated jets than what is observed in
data. It should be noted that the same behavior was seen
with the original ZEUS simulations. The relatively good
agreement seen between data and simulation give confi-
dence that our Monte Carlo can produce in-jet energy
distributions close to what will be seen at an EIC.
IV. NUMERICAL RESULTS
We consider e + p collisions at the EIC at a CM en-
ergy of
√
s = 141 GeV and a laboratory frame rapidity
range of 2 < ηlab < 4. We choose the electron energy as
Ee = 20 GeV and the proton energy as Ep = 250 GeV
which corresponds to an expected EIC configuration.
The laboratory frame and CM frame rapidities are re-
lated as
ηlab = η +
1
2
ln
Ep
Ee
. (20)
In order to estimate QCD scale uncertainties, we vary
the scales of the functions appearing in the factorization
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FIG. 5. Jet angularities in photoproduction at the EIC within the PYTHIA 6 framework for a = 0 (left) and a = −2 (right)
using different definitions that agree up to power corrections. See discussion in the text.
theorem by a factor of 2 around their canonical values.
While varying the individual scales, we maintain the re-
lation
1
2
≤ µi
µcani
/
µj
µcanj
≤ 2 . (21)
In addition, we also choose to fix the relation between
the collinear scale µC and the soft scale µS and for jet
angularities also between hard scale µH and jet scale µH,
µC = µ
1
2−a
S (pTR)
1−a
2−a (22)
µH = µHR , (23)
which yields seven different variations. In order to avoid
the Landau pole, we smoothly switch off the running
of the QCD coupling constant at 450 MeV using profile
scales [77].
In [41] it was suggested to study the ηlab distribution
which can allow for a separation of the direct and resolved
contribution. One of the interesting aspects of study-
ing jets in photoproduction events is that we can gain
access to the nonperturbative parton-in-photon PDFs
which are poorly understood so far. In particular, the
polarized case has never been measured before. Fig. 3
shows the expected inclusive jet yield at
√
s = 141 GeV
per fb−1 of integrated luminosity. Given the expected
integrated luminosity of 10 fb−1, we conclude that jets
with pT ∼ 10 GeV will be produced with sufficiently
high statistics at the EIC. We thus study anti-kT jets [74]
produced with pT > 10 GeV and Q
2
max = 1 GeV
2. An
additional cut on the photon momentum fraction (inelas-
ticity) is imposed as 0.2 < y < 0.8 due to experimental
considerations, see Eq. (4). Fig. 4 shows the compari-
son of the inclusive jet cross section with R = 0.8 using
the QCD factorization framework and the Monte Carlo
parton shower results. We note that here that we vary
the hard scale µH ∼ pT and the jet scale µH ∼ pTR
independently. It is well known in proton-proton colli-
sions that the scale uncertainty of the inclusive jet cross
section can be significantly underestimated when both
scales are varied together. Several solutions have been
proposed in the literature in order to obtain a reliable
QCD scale uncertainty estimate [43, 47, 78–80]. In this
work we vary the two scales independently which can be
considered as a very conservative estimate. Overall, we
find a good agreement over the entire range of ηlab. Note
that we use different nonperturbative parton-in-photon
PDFs for the resolved contribution for the perturbative
(GRS99 [29]) and the Monte Carlo calculation (SAS 1D-
LO [33]). Nevertheless, we find good agreement since
each PDF set has been tuned to similar data sets within
the perturbative QCD and Monte Carlo frameworks, re-
spectively. In addition, we note that no hadronization
corrections are included in the perturbative results. The
remaining hadronization correction is expected to be rel-
atively small for the jet radii and energies considered here
and that it is within the conservative uncertainty esti-
mate of our perturbative calculation. It is also worth
noting that relative enhancements of the resolved com-
ponent at large positive ηlab makes the photoproduction
of jets a useful probe for studies of both the unpolarized
and polarized parton-in-photon distribution.
Next, we study jet angularities measured on inclusive
jets in photoproduction at the EIC. Using PYTHIA-6
results, we show the distributions for a = 0 (left) and
a = −2 (right) in Fig. 5 for the same kinematical setup
as in Fig. 4 above integrated over the rapidity interval
of −2 < ηlab < 4 in the laboratory frame. In order
to study the impact of subleading power corrections, we
show PYTHIA results using different definitions of the jet
angularities, which agree up to power corrections. The
810−3
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FIG. 6. Histogram of the number of events plotted as a function of log10(τ
′
a/τa). We show the results for three different values
of a as indicated in the figure for R = 0.4 (left) and R = 0.8 jets (right) with the same kinematics as in Fig. 5. Note, all curves
have been normalized by a common factor.
purple histogram shows the result using the definition of
τa in Eq. (1) which is given only in terms of transverse
momenta and distances in the η-φ plane. Second, we
show the results using τ ′a as given in Eq. (15) using mass-
less (blue) and massive (green) four-vectors. We include
the appropriate prefactor such that the different defini-
tions agree up to power corrections, see Eq. (16). We
observe only a small difference when massive or massless
four-vectors are used which can be understood since mass
effects only contribute indirectly to τ ′a through the jet en-
ergy EJ in Eq. (15). Third, we consider for a = 0 also
the jet mass definition τ ′′0 which is written in terms of a
sum over four-vectors squared as given in Eq. (17). The
result using massive four-vectors is shown by the red his-
togram, whereas the black histogram shows the results
for massless four-vectors. We observe that for a = 0
only the red curve deviates significantly from the other
curves. This is due to hadron mass effects which directly
contribute to the observable when the definition of τ ′′0 is
used. Therefore, we conclude that it is advantageous to
measure jet angularities using the definition of τa or τ
′
a
in order to avoid large corrections due to hadron masses.
For a = −2, we start observing a noticeable discrepancy
between the two definitions τa and τ
′
a of the jet angu-
larities indicating that power corrections are numerically
more important for smaller values of a which appears to
be consistent with the scaling in Eq. (11).
An alternative way to visualize the impact of sublead-
ing power corrections is illustrated in Fig. 6. We take
all jets produced in PYTHIA that satisfy the selection
criteria (same kinematics as in Fig. 5) and calculate the
the ratio τ ′a/τa. We plot the number of events that fall
in the corresponding bins as a function of log10(τ
′
a/τa)
for R = 0.4 (left) and R = 0.8 jets (right). In the case
where power corrections are negligible, this distribution
should peak at zero. We show the result for three rep-
resentative values of a = 0.5, 0, −2. We observe a re-
duced yield for R = 0.4 jets but a narrower distribution
indicating a reduced impact of power corrections. This
illustrates that R = 0.4 jets fragment harder whereas
R = 0.8 jets contain more soft particles and can be sensi-
tive to softer scales. Overall, we observe that the distri-
bution is narrower for angularities with larger values of
a. For a = −2, the distribution is significantly broader
especially for R = 0.8 jets which is consistent with the
observation made in Fig. 5.
We now compare our PYTHIA 6 results to our per-
turbative calculations which are shown in Fig. 7. The
purely perturbative results (black dashed line, yellow
band) are shown for the same jet kinematics as in Fig. 4
and 5. We show the results for five different values of
a = −0.5, 0, −0.5, −1, −2 (from left to right) and for
two different values of the jet radius R = 0.8 (upper
row) and R = 0.4 (lower row). The theoretical uncer-
tainties are obtained by varying the scales as discussed
above and by taking the envelope. In all panels, we show
the Monte Carlo predictions using the definition of τa in
Eq. (1) (purple). In addition, we also show the PYTHIA
results using the definition of τ ′′0 in Eq. (17) with mas-
sive four-vectors (red). All Monte Carlo results here are
shown at the hadron level. In order to account for non-
perturbative effects, we convolve the purely perturbative
result obtained within QCD factorization with a shape
function as introduced in Eqs. (12) and (13) above. The
corresponding result is shown by the dashed black line
and red band in Fig. 7. We find very good agreement
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FIG. 7. Results for jet angularities at the EIC. The purely perturbative results are given by the yellow band, and the results
which include nonperturbative effects as introduced via a shape function are shown by the red band. The different panels show
the result for different values of the jet radius (top: R = 0.8, bottom: R = 0.4) and the parameter a as indicated in the figure.
for a nonperturbative parameter of Ωa=0 = 0.35 GeV
(R = 0.8) and Ωa=0 = 0.2 GeV (R = 0.4) which is of
the order of the expected nonperturbative physics. For
R = 0.4 we need a smaller nonperturbative parameter
Ωa=0 which is expected, see the discussion in [64]. We
note that the PYTHIA results for τ ′′0 shown here in red
are outside the uncertainty band of the perturbative re-
sults after including the nonperturbative shape function.
We note that the jet angularities τa are generally
shifted toward higher values when the jet radius is in-
creased since more particles can be captured in the larger
jet. As shown in Eq. (11), the beginning of the nonper-
turbative region depends on pT and R, which can be
identified in Fig. 7 as the region where the QCD scale
uncertainty band vanishes. As discussed in the previous
section, we need to freeze the running of the strong cou-
pling constant at some value above the Landau pole. In
addition, we note that due to the dependence of τa on
the distance between the particles in the jet and the jet
axis ∼ ∆R2−aiJ , the distribution is broader and peaks at
lower values for smaller a.
V. DETECTOR CONSIDERATIONS
The pseudo-data results reported in previous sections
were obtained at ‘particle-level’, meaning all informa-
tion for every generated particle was available when con-
structing jets and calculating angularities. Of course,
this will not be the case for the actual measurements
as particle energies and momenta will be distorted, and
some fraction of particles not detected at all, due to the
finite resolutions and acceptances of any detector. These
effects are often evaluated by creating detailed models
using programs such as GEANT [81] that can simulate
the response of a detector to an incident particle. Such
a detailed study is beyond the scope of this article and
currently infeasible given that many technical and design
choices for an EIC detector have yet to be finalized. How-
ever, some evaluation of detector requirements can still
be made.
Eq. (1) makes clear that in order to measure angu-
larities, a detector will need to reconstruct accurately
both the transverse momenta and positions of the pro-
duced particles. Regardless of design specifics, there are
three primary detector components which will be essen-
tial for angularity studies: a tracker, which will measure
charged particle momenta and trajectories, electromag-
netic calorimeters that will measure energies and posi-
tions of electromagnetic particles such as electrons and
photons, and finally, hadron calorimeters which will mea-
sure the same for hadrons. Any tracker will provide
very good pT and angular resolution and the energy and
position resolutions of the electromagnetic calorimeters
are expected to be good as well. The potentially prob-
lematic components are the hadron calorimeters, which
have poor energy and position resolutions, especially for
the low energy particles expected at an EIC. Therefore,
the remainder of this section focuses on the distortions
to angularities induced by the resolution of the hadron
calorimeter.
To evaluate the effect that the hadron calorimeters
will have on the measured angularity, jets are first re-
constructed at particle-level and the angularity is de-
10
termined. Next, the energies and positions of all neu-
trons and K0Ls within the jets are smeared by a random
amount based on expected resolutions. Energy resolu-
tions of σEE =
75%√
E
⊕ 15% and σEE = 50%√E ⊕ 10% were
taken for mid-rapidity (ηlab < 1) and forward rapidity
(1 < ηlab < 4), respectively and an overall position res-
olution of σxy =
10 cm√
E
⊕ 0.6 cm was used. It was as-
sumed that charged hadrons and electromagnetic par-
ticles would be detected using the tracker and electro-
magnetic calorimeters, respectively, with no distortion
and only long-lived neutral hadrons would be handled
using the hadron calorimeters. With the neutral hadrons
smeared, the angularity was recalculated and compared
to particle-level.
Fig. 8 presents the fractional change in angularity due
the detector effects described above for the case of a = 0
for only those jets (roughly 30% of the total) which con-
tained a neutron or K0L. Particle-level jets were required
to have pT > 5 GeV while the altered jet was required
to have pT > 10 GeV, which allows for jets which smear
from below to above the 10 GeV cut to be counted. Also
shown is the change which would arise in the limiting
case that the information from the hadron calorimeters
was not used at all and neutral hadrons were not de-
tected. The area of each curve is separately normalized
to unity so that they can be read as the percentage of
jets whose angularity is altered by the amount given on
the x-axis. It is seen that the smeared curve is narrower
than the ”no-neutrals” curve meaning that the fluctua-
tions induced by the assumed calorimeter resolutions are
less than those which would arise if the hadron calorime-
ters were not used. If the reverse had been true, it would
have meant that such a calorimeter would not have been
suitable for angularity measurements. This study does
not address whether the overall angularity resolution is
suitable for the applications listed in the Introduction.
That will require a detailed detector simulation and stud-
ies of the precision needed to make an impact for each
topic and will be the focus of future work.
VI. CONCLUSIONS AND OUTLOOK
In this work we performed the first studies of jet sub-
structure observables in electron-proton collisions rele-
vant for the future Electron-Ion Collider. As a repre-
sentative example, we considered the jet angularity ob-
servables, which includes jet mass and jet broadening as
special cases. The jet angularity measurements are per-
formed on an inclusive jet sample e + p → e′ + jet + X
in photoproduction events where jets are reconstructed
in the laboratory or center-of-mass frame. The hard
perturbative scale of the process is set by the high jet
transverse momentum. We performed numerical calcula-
tions at NLL′ accuracy within perturbative QCD and we
calculated the relevant quark/gluon fractions for photo-
production events beyond leading-order using the NLO
code of [41]. We compared the perturbative QCD results
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FIG. 8. Effects of energy and position smearing of neutrons
and K0L particles by a hadron calorimeter. Here τˆ0 represents
the altered jet angularity while τ0 is the particle level angu-
larity. Each curve is separately normalized to unity and only
jets which contained a neutron or K0L are displayed.
to our Monte Carlo simulations using PYTHIA 6. The
Monte Carlo setup has been tuned to HERA data and we
further verified that it reproduces the jet shape data mea-
sured by ZEUS/HERA. Hadronization corrections for the
perturbatively calculated jet angularity spectrum were
included using a suitable nonperturbative shape function.
Overall we found good agreement between the two ap-
proaches both for the inclusive jet spectrum and the jet
angularities. Therefore, our results suggest that jet sub-
structure studies will be feasible at the future Electron-
Ion Collider which can complement the current scien-
tific program. In addition, we investigated the numerical
size of power corrections within the Monte Carlo setup.
By using different definitions of the jet angularities that
agree up to power corrections, we investigated their nu-
merical size for the jet angularity spectrum. We found
that the corrections are small for jets with transverse
momentum pT > 10 GeV but they can be sizeable if the
jet substructure observable is directly sensitive to hadron
masses such as the jet mass when defined as a sum over
the four-momenta squared. We conclude that it is impor-
tant to choose jet substructure observables that are suit-
able for the relatively low jet transverse momenta and low
particle multiplicities that are expected at the Electron-
Ion Collider. We also briefly discuss detector require-
ments needed for accurate experimental measurements of
angularity, with a focus on the hadron calorimeter per-
formance. It was found that a hadron calorimeter with
energy and position resolutions that could reasonably be
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achieved in a future EIC detector would contribute useful
information to angularity measurements.
The clean environment of electron-proton/nucleus col-
lisions make precision jet substructure studies at the
Electron-Ion Collider a unique testing ground of QCD
dynamics both in the perturbative and nonperturbative
regime. For example, we expect that jet angularities can
complement extractions of αs of DIS event shapes [1, 2].
The tuning of parton shower event generators will also
greatly benefit from precise jet substructure data in par-
ticular when universal nonperturbative components can
be determined. Moreover, it will be interesting to use
jet substructure observables to investigate cold nuclear
matter effects in electron-nucleus collisions.
ACKNOWLEDGMENTS
We are grateful to Miguel Arratia, Barbara Jacak,
Peter Jacobs, Zhong-Bo Kang, Yiannis Makris, Ma-
teusz Ploskon, Nobuo Sato, Werner Vogelsang and
Feng Yuan for helpful discussions. We would like to
thank Werner Vogelsang for providing the NLO code
of [41]. F.R. is supported by the NSF under Grant
No. ACI-1550228 within the JETSCAPE Collaboration,
by the Department of Energy under Contract No. DE-
AC0205CH11231 and the LDRD Program at LBNL. B.P.
and E.C.A. acknowledge the support by the U.S. Depart-
ment of Energy under contract number de-sc0012704 and
the Program Development Program at BNL.
[1] Z.-B. Kang, S. Mantry, and J.-W. Qiu, Phys. Rev. D86,
114011 (2012), 1204.5469.
[2] D. Kang, C. Lee, and I. W. Stewart, Phys. Rev. D88,
054004 (2013), 1303.6952.
[3] P. Hinderer, M. Schlegel, and W. Vogelsang, Phys.
Rev. D92, 014001 (2015), 1505.06415, [Erratum: Phys.
Rev.D93,no.11,119903(2016)].
[4] G. Abelof, R. Boughezal, X. Liu, and F. Petriello, Phys.
Lett. B763, 52 (2016), 1607.04921.
[5] P. Hinderer, M. Schlegel, and W. Vogelsang, Phys. Rev.
D96, 014002 (2017), 1703.10872.
[6] X. Chu, E.-C. Aschenauer, J.-H. Lee, and L. Zheng,
Phys. Rev. D96, 074035 (2017), 1705.08831.
[7] M. Klasen, K. Kovarik, and J. Potthoff, Phys. Rev. D95,
094013 (2017), 1703.02864.
[8] R. Boughezal, F. Petriello, and H. Xing, Phys. Rev. D98,
054031 (2018), 1806.07311.
[9] M. Klasen and K. Kovak, Phys. Rev. D97, 114013
(2018), 1803.10985.
[10] D. Gutierrez-Reyes, I. Scimemi, W. J. Waalewijn, and
L. Zoppi, Phys. Rev. Lett. 121, 162001 (2018),
1807.07573.
[11] X. Liu, F. Ringer, W. Vogelsang, and F. Yuan, Phys.
Rev. Lett. 122, 192003 (2019), 1812.08077.
[12] D. Gutierrez-Reyes, I. Scimemi, W. J. Waalewijn, and
L. Zoppi, (2019), 1904.04259.
[13] D. Gutierrez-Reyes, Y. Makris, V. Vaidya, I. Scimemi,
and L. Zoppi, (2019), 1907.05896.
[14] Y. Hatta, N. Mueller, T. Ueda, and F. Yuan, (2019),
1907.09491.
[15] L. Zheng, E. C. Aschenauer, J. H. Lee, B.-W. Xiao, and
Z.-B. Yin, Phys. Rev. D98, 034011 (2018), 1805.05290.
[16] A. Dumitru, V. Skokov, and T. Ullrich, Phys. Rev. C99,
015204 (2019), 1809.02615.
[17] D. Boer et al., (2011), 1108.1713.
[18] A. Accardi et al., Eur. Phys. J. A52, 268 (2016),
1212.1701.
[19] E. C. Aschenauer, S. Fazio, M. A. C. Lamont,
H. Paukkunen, and P. Zurita, Phys. Rev. D96, 114005
(2017), 1708.05654.
[20] E. C. Aschenauer et al., Rept. Prog. Phys. 82, 024301
(2019), 1708.01527.
[21] C. F. Berger, T. Kucs, and G. F. Sterman, Phys. Rev.
D68, 014012 (2003), hep-ph/0303051.
[22] L. G. Almeida et al., Phys. Rev. D79, 074017 (2009),
0807.0234.
[23] S. D. Ellis, C. K. Vermilion, J. R. Walsh, A. Hornig, and
C. Lee, JHEP 11, 101 (2010), 1001.0014.
[24] A. J. Larkoski, J. Thaler, and W. J. Waalewijn, JHEP
11, 129 (2014), 1408.3122.
[25] T. Sjostrand, S. Mrenna, and P. Z. Skands, JHEP 05,
026 (2006), hep-ph/0603175.
[26] ZEUS, J. Breitweg et al., Eur. Phys. J. C8, 367 (1999),
hep-ex/9804001.
[27] D. de Florian and S. Frixione, Phys. Lett. B457, 236
(1999), hep-ph/9904320.
[28] S. Frixione, M. L. Mangano, P. Nason, and G. Ridolfi,
Phys. Lett. B319, 339 (1993), hep-ph/9310350.
[29] M. Gluck, E. Reya, and I. Schienbein, Phys. Rev.
D60, 054019 (1999), hep-ph/9903337, [Erratum: Phys.
Rev.D62,019902(2000)].
[30] W. A. Bardeen, A. J. Buras, D. W. Duke, and T. Muta,
Phys. Rev. D18, 3998 (1978).
[31] L. E. Gordon and J. K. Storrow, Z. Phys. C56, 307
(1992).
[32] M. Gluck, E. Reya, and M. Stratmann, Phys. Rev. D51,
3220 (1995).
[33] G. A. Schuler and T. Sjostrand, Z. Phys. C68, 607
(1995), hep-ph/9503384.
[34] L. E. Gordon and J. K. Storrow, Nucl. Phys. B489, 405
(1997), hep-ph/9607370.
[35] M. Gluck, E. Reya, and A. Vogt, Phys. Rev. D45, 3986
(1992).
12
[36] F. Aversa, P. Chiappetta, M. Greco, and J. P. Guillet,
Nucl. Phys. B327, 105 (1989).
[37] B. Jager, A. Schafer, M. Stratmann, and W. Vogelsang,
Phys. Rev. D67, 054005 (2003), hep-ph/0211007.
[38] P. Aurenche, R. Baier, A. Douiri, M. Fontannaz, and
D. Schiff, Nucl. Phys. B286, 553 (1987).
[39] L. E. Gordon, Phys. Rev. D50, 6753 (1994).
[40] D. de Florian and W. Vogelsang, Phys. Rev. D57, 4376
(1998), hep-ph/9712273.
[41] B. Jager, M. Stratmann, and W. Vogelsang, Phys. Rev.
D68, 114018 (2003), hep-ph/0309051.
[42] T. Kaufmann, A. Mukherjee, and W. Vogelsang, Phys.
Rev. D92, 054015 (2015), 1506.01415.
[43] Z.-B. Kang, F. Ringer, and I. Vitev, JHEP 10, 125
(2016), 1606.06732.
[44] L. Dai, C. Kim, and A. K. Leibovich, Phys. Rev. D94,
114023 (2016), 1606.07411.
[45] Z.-B. Kang, F. Ringer, and W. J. Waalewijn, JHEP 07,
064 (2017), 1705.05375.
[46] S. Catani, M. Fontannaz, J. P. Guillet, and E. Pilon,
JHEP 09, 007 (2013), 1306.6498.
[47] M. Dasgupta, F. Dreyer, G. P. Salam, and G. Soyez,
JHEP 04, 039 (2015), 1411.5182.
[48] A. Mukherjee and W. Vogelsang, Phys. Rev. D86,
094009 (2012), 1209.1785.
[49] Z.-B. Kang, K. Lee, and F. Ringer, JHEP 04, 110 (2018),
1801.00790.
[50] D. de Florian, M. Pfeuffer, A. Schfer, and W. Vogelsang,
Phys. Rev. D88, 014024 (2013), 1305.6468.
[51] A. Hornig, Y. Makris, and T. Mehen, JHEP 04, 097
(2016), 1601.01319.
[52] Z.-B. Kang, X. Liu, F. Ringer, and H. Xing, (2017),
1705.08443.
[53] C. W. Bauer, S. Fleming, and M. E. Luke, Phys. Rev.
D63, 014006 (2000), hep-ph/0005275.
[54] C. W. Bauer, S. Fleming, D. Pirjol, and I. W. Stewart,
Phys. Rev. D63, 114020 (2001), hep-ph/0011336.
[55] C. W. Bauer and I. W. Stewart, Phys. Lett. B516, 134
(2001), hep-ph/0107001.
[56] C. W. Bauer, D. Pirjol, and I. W. Stewart, Phys. Rev.
D65, 054022 (2002), hep-ph/0109045.
[57] M. Beneke, A. P. Chapovsky, M. Diehl, and T. Feldmann,
Nucl. Phys. B643, 431 (2002), hep-ph/0206152.
[58] B. A. Kniehl, G. Kramer, and M. Maniatis, Nucl. Phys.
B711, 345 (2005), hep-ph/0411300, [Erratum: Nucl.
Phys.B720,231(2005)].
[59] A. Daleo, D. de Florian, and R. Sassot, Phys. Rev. D71,
034013 (2005), hep-ph/0411212.
[60] B. Wang, J. O. Gonzalez-Hernandez, T. C. Rogers, and
N. Sato, (2019), 1903.01529.
[61] J. Currie et al., JHEP 05, 209 (2018), 1803.09973.
[62] G. P. Korchemsky and G. F. Sterman, Nucl. Phys. B555,
335 (1999), hep-ph/9902341.
[63] C. Lee and G. F. Sterman, Phys. Rev. D75, 014022
(2007), hep-ph/0611061.
[64] I. W. Stewart, F. J. Tackmann, and W. J. Waalewijn,
Phys. Rev. Lett. 114, 092001 (2015), 1405.6722.
[65] M. Dasgupta, L. Magnea, and G. P. Salam, JHEP 02,
055 (2008), 0712.3014.
[66] R. Abbate, M. Fickinger, A. H. Hoang, V. Mateu,
and I. W. Stewart, Phys. Rev. D83, 074021 (2011),
1006.3080.
[67] A. H. Hoang, D. W. Kolodrubetz, V. Mateu, and I. W.
Stewart, Phys. Rev. D91, 094018 (2015), 1501.04111.
[68] M. Dasgupta and G. P. Salam, Phys. Lett. B512, 323
(2001), hep-ph/0104277.
[69] A. J. Larkoski, I. Moult, and D. Neill, JHEP 09, 143
(2015), 1501.04596.
[70] M. Balsiger, T. Becher, and D. Y. Shao, JHEP 04, 020
(2019), 1901.09038.
[71] HERMES, A. Airapetian et al., Phys. Rev. D87, 074029
(2013), 1212.5407.
[72] HERMES, A. Airapetian et al., JHEP 08, 130 (2010),
1002.3921.
[73] CTEQ, H. L. Lai et al., Eur. Phys. J. C12, 375 (2000),
hep-ph/9903282.
[74] M. Cacciari, G. P. Salam, and G. Soyez, JHEP 04, 063
(2008), 0802.1189.
[75] M. Cacciari, G. P. Salam, and G. Soyez, Eur. Phys. J.
C72, 1896 (2012), 1111.6097.
[76] ZEUS, J. Breitweg et al., Eur. Phys. J. C2, 61 (1998),
hep-ex/9710002.
[77] Z. Ligeti, I. W. Stewart, and F. J. Tackmann, Phys. Rev.
D78, 114014 (2008), 0807.1926.
[78] J. Currie, E. W. N. Glover, and J. Pires, Phys. Rev. Lett.
118, 072002 (2017), 1611.01460.
[79] J. Bellm et al., (2019), 1903.12563.
[80] X. Liu, S.-O. Moch, and F. Ringer, Phys. Rev. Lett. 119,
212001 (2017), 1708.04641.
[81] GEANT4, S. Agostinelli et al., Nucl. Instrum. Meth.
A506, 250 (2003).
